INTRODUCTION
Phosphorus (phosphate) is an essential nutrient for animals with multiple functions that include skeletal mineralization, bone growth, protein synthesis, energy metabolism, cell membrane phospholipid, DNA and RNA structure, signal transduction, and gene expression (Raboy, 2009; Penido and Alon, 2012; Raina et al., 2012) . Approximately 85% of the total body P is in bone hydroxyapatite, 15% is in soft tissue phosphate esters, and 0.1% is in extracellular fluid where serum PO 4 must be adequate (mM concentrations) for ABSTRACT: A 35-d experiment was conducted using 63 crossbred pigs (35 barrows and 28 gilts) with an initial average BW of 7.0 kg and age of 28 d to evaluate the efficacy of the low-phytic acid (LPA) genetic trait in hulled or hull-less barley in isocaloric diets. Hulled barleys were the normal barley (NB) cultivar Harrington and the near-isogenic LPA mutant 955 (M955) with P availabilities of 36 and 95%, respectively. Hull-less lines were produced by crossing NB and the LPA mutant 422 line with a hull-less line, producing hull-less NB (HNB) and hull-less mutant 422 (HM422) with P availabilities of 41 and 66%, respectively. Pigs were in individual metabolism cages or pens for Phase 1 (d 0 to 14) and Phase 2 (d 14 to 35). Diets defined as NB, HNB, HM422, or M955 with no added inorganic P (iP) had available P (aP) concentrations of 0.27, 0.28, 0.35, and 0.40% for Phase 1 and 0.15, 0.17, 0.23, and 0.31% for Phase 2, respectively. Only diet M955 was adequate in aP. Therefore, iP was added to the P-deficient diets to make diets NB + iP, HNB + iP, and HM422 + iP with aP equal to that in diet M955. Overall (d 0 to 35), ADG and G:F were greater (P < 0.01) for pigs fed diet M955 or the diets with added iP than for pigs fed the NB diet. Serum tartrate-resistant acid phosphatase activity on d 34 was greater (P < 0.01) for pigs fed the NB or HNB diets than for pigs fed the other diets. Bone breaking strength and P absorption (g/d) were greater (P < 0.01) for pigs fed diet M955 or the diets with iP than for pigs fed the NB or HNB diets. Pigs fed diet M955 absorbed greater (P < 0.01) percentages of P and Ca and had less (P < 0.01) fecal excretion of P (g/d and %) and Ca (%) than pigs fed the other diets. In conclusion, the LPA genetic trait was effective in hulled and hull-less barley in isocaloric diets fed to young pigs. Pigs fed the diet with LPA M955 consumed 31% less P and excreted 78% less fecal P and 30% less fecal Ca than pigs fed the diet with NB + iP that was equal to diet M955 in aP. Therefore, LPA barley, especially M955 with 95% aP, will reduce the use of iP in swine diets, reduce P pollution from swine manure, and support the goal of achieving global P sustainability.
bone mineralization and cellular function (Takeda et al., 2004; Favus et al., 2006; Golub, 2011) . Most of the P in cereal grains is chemically bound as part of phytic acid (myo-inositol-1,2,3,4,5,6-hexakisdihydrogen phosphate; Maga, 1982; Reddy et al., 1989; Lott et al., 2000; Raboy, 2003) . Swine produce little or no intestinal phytase (Pointillart et al., 1984 (Pointillart et al., , 1987 , and the digestibility of P in cereal grains by swine is poor (NRC, 2012) . However, cereal grains with the low-phytic acid (LPA) genetic trait Dorsch et al., 2003; Ockenden et al., 2004 ) have a marked increase in P digestibility with less excretion of P in swine manure compared with normal grain (Veum et al., 2001 (Veum et al., , 2002 (Veum et al., , 2007 Thacker et al., 2003) . Also, dietary phytase supplements hydrolyze phytate and reduce the excretion of P in swine manure (Veum et al., 2006; Veum and Ellersieck, 2008; Jones et al., 2010; Kerr et al., 2010) . The use of LPA grains and dietary phytase support the goal of achieving global phosphate sustainability (Schröder et al., 2010; Childers et al., 2011; Neset and Cordell, 2012) .
The objective of this experiment was to evaluate the efficacy of the LPA genetic trait in hulled and hull-less barley grains in isocaloric diets for young swine. Criteria were growth performance, serum phosphatase enzyme activity, bone measurements and breaking strength, and apparent total-tract digestibility of P, Ca, energy, and DM.
MATERIALS AND METHODS
The procedures and the use of animals in this experiment were approved by the University of Missouri Animal Care and Use Committee.
Barley Grains
The barley (Hordeum vulgare L.) grains used in this experiment (Table 1) were produced at the National Small Grains Germplasm Research Facility (Aberdeen, ID) and transported to the University of Missouri Feed Mill (Columbia, MO). Normal barley (NB) and the LPA mutant 955 (M955) were the hulled grains studied. The NB was the 2-row wild-type cultivar Harrington, homozygous for the wild-type alleles of the phytic acid genes, and produced grain with a P availability of 36% (0.36% total P -0.23% phytic acid P = 0.13% available P [aP]). The LPA M955 line was isolated from (and near isogenic to) the NB cultivar Harrington (Dorsch et al., 2003) and produced grain with a P availability of 95%. Hull-less lines were produced by crossing NB and the LPA mutant 422 line with a hull-less line derived from the cultivar Phoenix, producing hull-less NB (HNB) and hull-less mutant 422 (HM422), respectively. The HNB and HM422 lines produced grain with P availabilities of 41 and 66%, respectively. Because of the crossing required to remove the hulls, the hull-less lines were not near-isogenic with the NB cultivar or the LPA barley lines. Endogenous phytase enzyme activity was similar for the 4 cultivars and averaged 205 ± 20 units/kg (Zyla et al., 2002) .
Triplicate samples of each barley grain were analyzed for DM, ash, crude fat, crude fiber, and N ( Table  1; methods 7.007, 7.009, 7.062, 7.066-7.070, and 7.015, respectively; AOAC, 1984) . Subsamples were digested using a wet ash procedure and analyzed for concentrations of Ca by atomic absorption spectrophotometry and total P by the molybdovanadate colorimetric procedure (methods 7.102-7.103 and 7.125-7.128, respectively; AOAC, 1984) . The grains were analyzed for phytic acid P N, Ca, and total P (methods 7.007, 7.009, 7.062, 7.066-7.070, 7.015, 7.102-7.103, and 7.125-7.128; AOAC, 1984) , total AA (Spies and Chambers, 1949; Benson and Patterson, 1971) , GE (oxygen bomb calorimeter, model 6200; Parr Instrument Co., Moline, IL), and phytic acid P . Available P was calculated by subtracting phytic acid P from total P. Endogenous phytase enzyme activity was similar for the cultivars and averaged 205 ± 20 units/kg (Zyla et al., 2002). concentration , and aP was calculated by subtracting phytic acid P from total P. Total AA concentrations were determined by cation-exchange chromatography after the samples were hydrolyzed under N with 6 N HCl for 24 h at 110°C (Benson and Patterson, 1971) . Analysis for Cys and Met involved performic acid oxidation before hydrolysis. Tryptophan was separately analyzed (Spies and Chambers, 1949) . Subsamples were analyzed for GE with an oxygen bomb calorimeter (model 6200; Parr Instrument Co., Moline, IL).
Animals and Housing
Sixty-three crossbred Yorkshire-Landrace-Duroc pigs (35 barrows and 28 gilts) with an average BW of 7.0 ± 0.3 kg and age of 28 ± 1 d were allotted to 7 treatments by litter, sex, and BW. Phase 1 was from d 0 to 14 and Phase 2 was from d 14 to 35. Barrows (5 replications) were placed in individual, elevated, solidwalled stainless-steel metabolism crates (0.9 m 2 /pig) equipped with stainless-steel nipple drinkers, feeders, and slotted flooring. Gilts (4 replications) were placed in individual pens (1.4 m 2 /pig) equipped with stainless-steel drinkers, feeders, and pen partitions on concrete slotted floors (12.7-cm slat and 2.54-cm slot). Temperature was maintained at 27 ± 1°C for wk 1 using heaters and exhaust fans and lowered 1°C each wk thereafter, with 15 h of light daily starting at 0600 h. Pigs were fed the air-dried diets in meal form to appetite (diet consumed by individual pigs between feedings) twice daily at 0700 and 1600 h. Pigs were weighed and diet consumption was measured on d 7, 14, 21, 28, and 35. Feed not consumed at each feeding was collected and subtracted from the weekly consumption.
Dietary Treatments
The focus of this experiment was on the efficacy of the LPA genetic trait in the hulled and hull-less barley grains. Barley grain was the only source of phytic acid in the diets because supplemental protein was of animal origin. Seven dietary treatments were made for Phase 1 (d 0 to 14; Table 2 ) and Phase 2 (d 14 to 35; Table 3 ). The diets that contained NB, HNB, HM422, or M955 were not supplemented with inorganic P (iP) and had calculated aP concentrations of 0.27, 0.28, 0.35, and 0.40% for Phase 1 and 0.15, 0.17, 0.23, and 0.31% for Phase 2, respectively. Only the diet with M955 met the NRC (1998, 2012) aP requirement for Phases 1 and 2. The diets with NB, HNB, or HM422 were deficient in aP for young swine. Therefore, iP was added to the P-deficient diets in both Phases to make diets NB + iP, HNB + iP, and HM422 + iP with aP concentrations equal to that in the diet with M955. Also, animal protein supplementation was equalized across treatments to standardize supplemental protein quality and quantity. This resulted in small differences in total dietary protein concentrations because of minor variation in the CP content of the barley cultivars (Table 1) .
Hull-less barley lines have greater concentrations of DE and ME per kilogram for swine than hulled barley lines (Thacker et al., 1988; Liu et al., 1996; Baidoo and Liu, 1998; Harrold, 2000) . Therefore, more corn oil was added to the diets with hulled barley in the present experiment to equalize dietary ME per kilogram among treatments on a calculated basis for both phases (NRC, 1982 (NRC, , 1998 . Dietary Ca was equalized at 0.1% below the NRC (1998, 2012) requirements, whereas all other minerals and vitamins met or exceeded requirements. Diets were batch mixed in a stainless-steel horizontal paddle mixer (model 2010; Marion Mixers Inc., Marion, IA). Triplicate samples of each diet were collected while the mixer was emptied and analyzed for DM, N, Ca, total P, phytic acid P, total AA, and GE as described for the barley grains.
Most of the phytate P in barley is stored in spherical particles named globoids that are located in the aleurone layer, with the remainder in the germ (Ockenden et al., 2004; Bohn et al., 2008) . The major nutrients in barley are enclosed within cell walls that are mainly composed of mixed-linked 1-3:1-4-β-d-glucans and arabinoxylans (Anderson et al., 1978; Graham et al., 1989) . Other experiments found that supplementation of barley-based diets for young pigs with xylanase (Gdala et al., 1997) or β-glucanase (Li et al., 1996; Bedford et. al., 1992; Prandini et al., 2014) increased nutrient digestibility and ADG compared with pigs fed control diets. Therefore, an enzyme premix (Ronozyme B; Hoffman La-Roche Inc., Nutley, NJ) was added to the diets in the present experiment for the purpose of potentially increasing the apparent digestibilities of the β-glucans, xylose, and starch in the barley grains. The premix provided (per kilogram of diet) 70 units of endo-1,3(4)-β-glucanase (1 unit = the amount of enzyme that releases 1.0 μM of glucose or reducing carbohydrate/min at pH 5.0 and 30°C), 300 units of endo-1,4-β-xylanase (1 unit = the amount of enzyme that releases 7.8 μM of reducing xylose equivalents from azo-wheat arabinoxylan/min at pH 6.0 and 50°C), and 25 units of α-amylase (1 unit = the amount of enzyme that breaks down 5.26 g of starch/h at pH 7.1 and 37°C).
Serum Phosphatase Enzyme Activity
On d 34 of the experiment, about 4 h after the 0700 h feeding, blood samples (10 mL) were taken by anterior vena cava puncture from individual pigs. Blood sample tubes were placed in an ice bath at collection and centrifuged (2,000 × g for 10 min at 5°C) immediately after 1 Phase 1 is experimental d 0 to 14. Hulled NB was a 2-row Harrington cultivar. Hulled M955 barley was a low-phytic acid (LPA) mutant with 95% available P (aP) developed from NB and near isogenic to NB. The hull-less HNB and the LPA mutant HM422 were homozygous sibling lines developed by crossing the hulled NB and the LPA mutant 422 (66% aP, isolated from Harrington NB), respectively, with a hull-less line derived from the cultivar Phoenix. Therefore, the hulled and hull-less barleys were not near isogenic.
2 Dietary treatments NB, HNB, HM422, and M955 were not supplemented with iP. Only the diet with M955 met the NRC (1998, 2012) aP requirement. Therefore, iP was added to the P-deficient diets to make diets NB + iP, HNB + iP, and HM422 + iP that contained the same concentration of aP as diet M955.
3 Ground limestone; 39% Ca. 4 Vitamin premix provided, per kilogram of diet, 11,000 IU of vitamin A acetate, 1,100 IU of vitamin D 3 , 4.4 IU of vitamin E from dl-α-tocopheryl acetate, 4.0 mg of vitamin K from menadione sodium dimethylprimidinol bisulfite, 30.3 μg of vitamin B 12 , 8.3 mg of riboflavin, 28.1 mg of pantothenic acid as d-calcium pantothenate, 33.1 mg of niacin, 551.3 mg of choline from choline chloride, 220.5 μg of biotin from d-biotin, and 1.65 mg of folic acid. An enzyme premix (Ronozyme B; Hoffman La-Roche Inc., Nutley, NJ) provided, per kilogram of diet, 70 units of endo-1,3(4)-β-glucanase (1 unit = the amount of enzyme that releases 1.0 μM of glucose or reducing carbohydrate/min at pH 5.0 and 30°C), 300 units of endo-1,4-β-xylanase (1 unit = amount of enzyme that releases 7.8 μM of reducing xylose equivalents from azo-wheat arabinoxylan/min at pH 6.0 and 50°C), and 25 units of α-amylase (1 unit = the amount of enzyme that breaks down 5.26 g of starch/h at pH 7.1 and 37°C). 8 Triplicate samples of diet were analyzed for DM, N, Ca, and total P (methods 7. 007, 7.015, 7.102-7.103, 7.125-7.128, and 25.007; AOAC, 1984) , total AA (Spies and Chambers, 1949; Benson and Patterson, 1971) , GE (oxygen bomb calorimeter, model 6200; Parr Instrument Co., Moline, IL), and phytic acid P . Available P was calculated by subtracting phytic acid P from total P. Calculated values for DE and ME were from published values for the ingredients (NRC, 1982 (NRC, , 1998 1 Phase 2 is experimental d 14 to 35. Hulled NB was a 2-row Harrington cultivar. Hulled M955 barley was a low-phytic acid (LPA) mutant with 95% available P (aP) developed from NB and near isogenic to NB. The hull-less HNB and the LPA mutant HM422 were homozygous sibling lines developed by crossing the hulled NB and the LPA mutant 422 (66% aP; isolated from Harrington NB), respectively, with a hull-less line derived from the cultivar Phoenix. Therefore, the hulled and hull-less barleys were not near-isogenic.
2 Dietary treatments NB, HNB, HM422, and M955 were not supplemented with iP. Only the diet with M955 met the NRC (1998, 2012) aP requirement. Therefore, iP was added to the P-deficient diets to make diets NB + iP, HNB + iP, and HM422 + iP that contained the same aP concentration as diet M955.
3 Ground limestone; 39% Ca. 4 Vitamin premix provided, per kilogram of diet, 11,000 IU of vitamin A acetate, 1,100 IU of vitamin D 3 , 4.4 IU of vitamin E from dl-α-tocopheryl acetate, 4.0 mg of vitamin K from menadione sodium dimethylprimidinol bisulfite, 30.3 μg of vitamin B 12 , 8.3 mg of riboflavin, 28.1 mg of pantothenic acid as d-calcium pantothenate, 33.1 mg of niacin, 551.3 mg of choline from choline chloride, 220.5 μg of biotin from d-biotin, and 1.65 mg of folic acid. An enzyme premix (Ronozyme B; Hoffman La-Roche Inc., Nutley, NJ) provided, per kilogram of diet, 70 units of endo-1,3(4)-β-glucanase (1 unit = the amount of enzyme that releases 1.0 μM of glucose or reducing carbohydrate/min at pH 5.0 and 30°C), 300 units of endo-1,4-β-xylanase (1 unit = amount of enzyme that releases 7.8 μM of reducing xylose equivalents from azo-wheat arabinoxylan/min at pH 6.0 and 50°C), and 25 units of α-amylase (1 unit = the amount of enzyme that breaks down 5.26 g of starch/h at pH 7.1 and 37°C). 6 Tylan provided 110 mg tylosin/kg diet (Elanco Global, Eli Lilly and Co., Greenfield, IN). 7 Chromic oxide was added as a nondigestible indicator to allow fecal grab samples to determine apparent nutrient digestibility. 8 Dicalcium phosphate; 22.0% Ca and 18.5% P. 9 Triplicate samples of diet were analyzed for DM, N, Ca, and total P (methods 7. 007, 7.015, 7.102-7.103, 7.125-7.128, and 25.007; AOAC, 1984) , total AA (Spies and Chambers, 1949; Benson and Patterson, 1971) , GE (oxygen bomb calorimeter, model 6200; Parr Instrument Co., Moline, IL), phytic acid P , and Cr (Jackson et al., 1980) . Available P was calculated by subtracting phytic acid P from total P. Calculated values for DE and ME were from published values for the ingredients (NRC, 1982, 1998) . sample collection. The serum was decanted into screwcaped vials and stored at -20°C before analysis. Serum samples were thawed and analyzed for alkaline phosphatase activity, total acid phosphatase activity, and tartrate-resistant acid phosphatase (TRAP) activity by colorimetric procedures (Sigma- Aldrich, 2001 ; Spectra Rainbow Microplate Reader; Tecan Inc., Durham. NC). An increase in serum TRAP activity is associated with an increase in osteoclast activity and bone reabsorption, a metabolic response to low blood phosphate that may be associated with a deficiency in dietary phosphate (Oddie et al., 2000; Bull et al., 2002; Kirstein et al., 2006; Čepelak and Čvorišćec, 2009 ).
Apparent Total-Tract Digestibility of P, Ca, Energy, and DM
Fecal collections were made from 35 barrows (5 replications/treatment) on experimental d 29 to 33 to determine apparent total-tract nutrient digestibility. The barrows were housed in individual stainless-steel metabolism crates as previously described. During the collection period, stainless-steel screens were used under the cages for fecal collection. The Phase 2 diets contained 0.05% Cr 2 O 3 as a nondigestible indicator. This allowed fecal grab samples to be collected twice daily (0800 and 1600 h; about 70 g fecal DM daily/pig) without diet contamination. The cages and screens were washed immediately after each collection. Fecal samples were stored in plastic freezer bags and frozen at -20°C until analyzed. The 5-d fecal collections for each barrow were thawed, pooled, mixed, dried in a forced-air oven at 50°C, and ground (Wiley Mill; Arthur H. Thomas, Philadelphia, PA) to pass through a 2-mm screen. Subsamples of feces (duplicates) and Phase 2 diets (triplicates) were analyzed for DM, total P, Ca, and GE as described for the barley grains. Also, total Cr concentrations of the diet and fecal subsamples were determined by flame atomic-absorption spectrophotometry (Jackson et al., 1980) . Analyzed values were used to determine the apparent total-tract digestibility of P, Ca, DE, and DM (Veum et al., 2007) .
Metacarpal and Radius Bone Measurements and Breaking Strength
On experimental d 35, the barrows (5 replications/ treatment) were killed (stunned by captive bolt followed by exsanguination). The right front foot and elbow of each barrow was removed and stored at 2°C in a plastic bag. The third metacarpal and radius bones were excised and cleaned of all adhering tissue within 2 d to determine fresh bone weight, length, and breaking strength. A caliper (model CDS6, Mitutoyo Corp., Kawasaki, Japan) was used to measure bone length. Breaking strength of the fresh bones was determined using an Instron testing machine (model TML; Instron Corp., Canton, MA), similar to the procedure described by Veum et al. (2009) . Force was applied to the center of the bone, which was held by 2 supports spaced 1.50 or 3.00 cm apart for the metacarpal or radius bones, respectively.
Statistical Analysis
Data were analyzed by ANOVA as a randomized complete block design with individual pigs as the experimental units (Snedecor and Cochran, 1989) using the Mixed statistical procedure of SAS (SAS Inst. Inc., Cary, NC). A total of 9 replications (5 barrow and 4 gilt replications) were used per treatment for pig growth performance and serum phosphatase enzyme activity. The 5 barrow replications were used for the metacarpal and radius bone measurements and the apparent total-tract digestibility of P, Ca, energy, and DM. Treatment means were separated using the F-protected LSD and tested at P ≤ 0.05.
RESULTS

Pig Growth Performance, Bone Characteristics, and Serum Phosphatase Enzymes
There were no treatment effects for pig growth performance criteria from d 0 to 14 (Table 4) . However, from d 14 to 35, pigs fed the diet with NB had less ADFI (P = 0.04) and ADG (P < 0.01) than pigs fed the other diets. Also, G:F from d 14 to 35 was less (P < 0.01) for pigs fed NB than for pigs fed the diets with HM422 or M955 or the diets with added iP, and pigs fed the diet with HNB were intermediate in G:F. Overall, from d 0 to 35, pigs fed the diets with HM422, M955, or added iP had greater (P < 0.01) ADG and G:F than pigs fed the diet with NB, and pigs fed the diet with HNB were intermediate in ADG and G:F.
Metacarpal bone breaking strength was greater (P < 0.01) for pigs fed the diet with M955 or the diets with added iP than for pigs fed the diets with NB or HNB, and pigs fed the diet with HM422 were intermediate in metacarpal breaking strength (Table 4) . Also, radius bone breaking strength was greater (P < 0.01) for pigs fed the diet with M955 or the diets with added iP than for pigs fed the diets with NB, HNB, or HM422. There was no treatment effect on metacarpal or radius bone fresh weight or length.
Serum activity of TRAP on d 34 was greater (P < 0.01) for pigs fed the diets with NB or HNB than for pigs fed the diet with M955 or the diets with added iP, and pigs fed the diet with HM422 were intermediate in serum TRAP activity (Table 4 ). There were no treatment differences for the serum enzyme activities of total acid phosphatase or alkaline phosphatase (data not shown), with overall experimental means of 37.9 ± 2.9 and 198 ± 20 IU/L of serum, respectively.
Apparent Total-Tract Digestibility of P, Ca, Energy, and DM
The ADFI during the fecal collection period was less (P < 0.01) for pigs fed the diet with NB than for pigs fed the diets with HNB, HM422, HNB + iP, or HM422 + iP, and pigs fed diets with M955 or NB + iP were intermediate in ADFI (Table 5) . Phosphorus intake (g/d) was greater (P < 0.01) for pigs fed the diets supplemented with iP than for pigs fed the diets without iP supplementation. Apparent total-tract P absorption (g/d) was greater (P < 0.01) for pigs fed the diet with M955 and the diets with added iP than for pigs fed the diets with NB, HNB, or HM422. However, pigs fed the diet with HM422 absorbed more P (g/d; P ≤ 0.01) than pigs fed the diets with NB or HNB. Pigs fed the diet with M955 excreted less (P < 0.01) fecal P than pigs fed any of the other diets. Also, pigs fed the diets with HM422 or HM422 + iP excreted less (P < 0.01) fecal P than pigs fed the diets with HNB, NB + iP, or HNB + iP. The percentage of apparent P absorption was greater (P < 0.01) for pigs fed the diet with M955 than for pigs fed any of the other diets. For pigs fed the other diets, the percentages of apparent P absorption sequentially declined (P < 0.01) starting with pigs fed the diets with HM422 or HM422 + iP followed by pigs fed the diets with NB + iP or HNB + a-c Within a row, means lacking a common superscript letter differ (P < 0.01).
1 Means for 9 pigs/treatment. Dietary treatments NB, HNB, HM422, and M955 were not supplemented with iP. Only diet M955 met NRC (1998, 2012) available P (aP) requirements. Therefore, iP was added to the P-deficient diets to make diets NB + iP, HNB + iP, and HM422 + iP that contained the same concentration of aP as diet M955.
2 Bone breaking strength was determined using an Instron testing machine (model TML; Instron Corp., Canton, MA). Force was applied to the center of the bone, which was held on each end by supports spaced 1.50 or 3.00 cm apart for the metacarpal or radius bones, respectively.
3 Serum activities of tartrate-resistant acid phosphatase, total acid phosphatase, and alkaline phosphatase were colorimetrically determined on serum from blood samples collected from individual pigs on d 34 after a 3-h fast (Sigma- Aldrich, 2001 ). There were no treatment differences in the serum enzyme activities for total acid phosphatase or alkaline phosphatase (data not shown), with overall experimental means of 35.9 ± 2.9 and 178 ± 18 IU/L of serum, respectively. iP, with the smallest percentages of P absorption by pigs fed the diets with NB or HNB.
Calcium intake (g/d) was greater (P < 0.01) for pigs fed the diets with HM422, HNB + iP, or HM422 + iP than for pigs fed the diet with NB, and pigs fed the diets with HNB, M955, or NB + iP were intermediate in Ca intake (Table 5 ). Apparent total-tract Ca absorption (g/d) was greater (P < 0.01) for pigs fed the diets with HM422 or M955 or the diets with added iP than for pigs fed the diet with NB, and pigs fed the diet with HNB were intermediate in Ca absorption. Fecal excretion of Ca (g/d) was less (P < 0.01) for pigs fed the diet with M955 than for pigs fed the diets with NB or HNB, and pigs fed the other diets were intermediate in Ca excretion. The percentage of apparent Ca absorption was also greater (P < 0.01) for pigs fed the diet with M955 than for pigs fed the diets with NB, HNB, HM422, NB + iP, or HNB + iP. There were no treatment effects for apparent total-tract energy digestibility or DM digestibility.
DISCUSSION
In the present experiment, young pigs fed isocaloric diets (equalized in ME/kg with corn oil) that contained hulled or hull-less barley grains with adequate aP were not different in growth performance, apparent total-tract Ca and P absorption (g/d), bone breaking strength, or the apparent digestibility of energy and DM. The present experiment found that the LPA genetic trait was equally effective in the hulled and hull-less barley grains. Another experiment also found that growth performance was not different for growing pigs fed diets that contained hulled or hull-less barley when the diets were made isocaloric (DE/kg) with added fat (Harper et al., 2004) . However, in different experiments where the diets with hulled or hull-less barley were not made isocaloric with fat, weanling and growing pigs fed the diets that contained hull-less barley had greater growth performance (Gill et al., 1966; Newman et al., 1968; Thacker et al., 1988 ) and greater energy digestibility (Mitchall et al., 1976; Bhatty et al., 1979) than pigs fed the diets that contained hulled barley because of the greater DE per kilogram in hull-less barley.
The diet with NB was deficient in aP as indicated by poor growth performance and bone breaking strength and less P and Ca absorption than for pigs fed the diet with M955 or the diets with added iP that were adequate in aP. Pigs fed the diets with NB or HNB also had greater serum TRAP enzyme activities than pigs fed the diet with M955 or the diets with added iP. Other experiments found that an increase in serum TRAP enzyme activity is correlated with an increase in bone reabsorption by osteoclasts, and TRAP may serve as a marker for bone resorption (Halleen et al., 2001 (Halleen et al., , 2006 Janckila et al., 2001; Seibel, 2005) . Conversely, serum alkaline phosphatase activity is correlated with bone growth and mineralization by osteoblasts (Allen, 2003; Golub and Boesze-Battaglia, 2007; Tymczyna et al., 2012) . For swine, serum alkaline phosphatase activity values are greater at birth, with a marked decline in the serum values by 6 mo of age (Antonov and Malchevski, 1983; Doornenbal et al., 1983) . In the present experiment, the diet with LPA barley M955 was the only diet without added iP that contained adequate aP for metacarpal and radius bone breaking strength and P absorption (g/d). Also, pigs fed the diet with M955 and pigs fed the diets with added iP to equal the aP concentration in the diet with M955 did not differ in growth performance, bone breaking strength, apparent P absorption, or serum TRAP activity. The P availability in LPA barley M955 was 95%, and pigs fed the diet with M955 absorbed a greater percentage of P (absorbed/intake) and excreted less fecal P (g/d) than the pigs in any other dietary treatment. The daily fecal P excretion (g/d) by pigs fed the diet with M955 was only 21.6% of the fecal P excretion by pigs fed the diet with NB + iP to equal the aP concentration in the diet with M955. Another experiment also found that young pigs fed a diet with LPA barley M955 had greater percentages of P and Ca absorption and less fecal P excretion (g/d) than pigs fed diets that contained NB or another LPA barley grain with less aP (Veum et al., 2007) . However, in the present experiment, the diet with LPA barley HM422 (66% aP) also improved most of the response criteria compared with the diet that contained NB (36% aP).
In the present experiment, LPA barley M955 increased dietary aP concentration by 0.13 and 0.16% in Phase 1 and 2 diets, respectively, compared with diets with NB (Tables 2 and 3) . Also, LPA barley HM422 increased dietary aP concentration by 0.08% in both Phase 1 and 2 diets compared with the diet with NB. A comparison of the increase in aP from LPA barley with the efficacy of P release by dietary phytase indicates that the aP from M955 was about 1.6 times greater and that the aP from HM422 was about equal to the 0.08 to 0.10% iP equivalent released by 500 units of microbial or Escherichia coli phytase/kg of corn-soybean meal diet (Jendza et al., 2006; Kies et al., 2006; Selle and Ravindran, 2008; Veum and Ellersieck, 2008) . However, the dietary combination of a LPA barley and a phytase enzyme may further reduce phytic acid P to attain the aP requirement for swine (Sands et al., 2001; NRC, 2012) . In addition, LPA barley M955 with a P availability of 95% may be used in low-phytate diets to test the nutritional effect of very high doses of phytase, also referred to as "superdosing," on the experimental response criteria without dietary phytate interference (Cowieson et al., 2011; Wyatt and Santos, 2012; Humer et al., 2015) . Other experiments with young and growing swine found that increasing doses of phytase (microbial or E. coli phytase) in P-deficient corn-soybean meal diets resulted in linear increases in growth performance, bone breaking strength, and the apparent total-tract absorption of Ca, P, and Mg up to the maximum dose of 10,000 to 20,000 units of phytase/kg (Kies et al., 2006; Veum et al., 2006; Augspurger et al., 2007; Zeng et al., 2014) . In the experiment by Veum et al. (2006) , all the response criteria were greater for pigs fed the low-P diet with doses of 2,500 or 12,500 units of E. coli phytase/kg than for pigs fed the positive control diet. However, the efficacy of dietary phytase declines slightly with increasing dose, resulting in curvilinear responses to increasing doses of phytase (Wyatt and Santos, 2012; Humer et al., 2015) .
The digestibilities of P and Ca in the current experiment are within the range of values obtained in other experiments with young and growing pigs fed diets with the same LPA barley grains (Veum et al., 2002 (Veum et al., , 2007 Thacker et al., 2003 Thacker et al., , 2004 . In the present experiment, pigs fed diets that contained LPA barley grains had greater apparent P digestibilities (g/d and %) and less fecal P excretion than pigs fed the diet with NB. Also, the diets with LPA barley grains required much less iP supplementation than the diet with NB. Therefore, using LPA barley grains in swine diets will contribute to the goal of achieving global P sustainability (Raboy, 2009) .
The breeding that produced the LPA genetic trait in the LPA barley grains was also associated with a reduction in crop yield compared with the near-isogenic NB cultivar Ockenden et al., 2004; Bowen et al., 2006) . However, ongoing barley breeding and selection research has improved most LPA barley grains, attaining crop yields and agronomic performance approximately equal to that of their near-isogenic sibling NB cultivar (Bregitzer et al., 2007; Raboy et al., 2015) . Replacing NB with a LPA barley grain will markedly reduce the use of iP in nonruminant nutrition and reduce environmental pollution from fecal P excretion. Also, the recycling of P from animal and human waste back into animal and crop production systems will further reduce the use of iP in agricultural production (Cordell et al., 2009; Childers et al., 2011) . The adoption of these approaches will make a major contribution to the goal of achieving global P sustainability (Schröder et al., 2010; Cordell and White, 2011; Dawson and Hilton, 2011) .
Conclusion
The LPA genetic trait was equally effective in hulled or hull-less barley in diets for young pigs made isocaloric with corn oil based on the response criteria of growth performance, bone breaking strength, apparent total-tract P and Ca absorption (g/d and %), and the digestibility (%) of energy and DM. Pigs fed the diet that contained LPA barley M955, the diet that was adequate in aP without supplemental iP, consumed 31% less P and excreted 78% less fecal P and 30% less fecal Ca than pigs fed the diet that contained NB with iP to provide aP equal to that in the diet with barley M955. Therefore, the use of LPA barley cultivars in swine diets will markedly reduce iP supplementation and environmental P pollution from swine manure, which will contribute to the goal of achieving global P sustainability.
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